An elevator rope in a high-rise building is forcibly excited by the displacement of the building caused by earthquakes and wind forces. This paper presents experiments involving free vibration and forced vibration of a rope for obtaining its natural frequency and damping coefficient. Experiments involving forced vibration of a rope whose length varies with time due to the up-and-down movement of a cage are also presented. Finite difference analyses of the rope vibration were performed by considering the time-varying length of the rope, based on the assumption that the movement velocity is constant. The calculated results of the finite difference analyses are in fairly good agreement with the experimental results.
Introduction
The increased rope sway due to the displacement of buildings caused by earthquakes and strong winds becomes a problem in elevators installed in high-rise buildings. Some studies (1) (2) (3) (4) (5) (6) (7) (8) (9) have been conducted on the lateral vibration of an elevator rope whose length varies with time due to the up-and-down movement of the cage. These studies include those on exact solutions (1) (2) (3) (4) (5) to the free/forced vibration of a rope whose tension and movement velocity are constant, finite element analysis (6) , resonance problems (2) , (5) , coupled vibration of the rope and cage (8) , and vibration control (9) .
In addition, for forced vibration of a rope whose tension and movement velocity are constant, the authors (4) , (5) have compared an exact solution to a finite difference analysis.
The calculated results of the finite difference analyses are in fairly good agreement with those of the theoretical solutions. However, few papers have reported a comparison with experimental results at the scale of actual elevator ropes. Some papers (10) (11) (12) have reported the damping ratio of a rope whose diameter-to-length ratio is greater than 10 -3 (short rope),
where the damping ratio is measured from the free vibration wave. However, few papers have reported the damping ratio in the case of an elevator rope with small diameter-to-length ratio (5 × 10 -5 to 10 -3 ).
In this study, first, the damping ratio and natural frequency of an elevator rope were measured in a free vibration test conducted at the scale of a real elevator rope. Next, the validity of the lateral vibration analysis of the elevator rope by the finite difference method is confirmed by conducting a sinusoidal wave excitation test, on the condition of constant rope length, and on the condition of changing rope length when the resonance point is passed during the excitation test. The tested rope, which is used as the main rope, is installed as shown in Fig. 1 because it is difficult to excite traction machine. Figure 2 shows a schematic diagram (from the cage to the sheave) of the tested rope. As shown in Fig. 2(a) , a rope, whose length is constant, is released after an initial displacement ( = δ 100-300 mm) was applied to a point on the rope, 1/2 or 1/4 of the total length from the sheave. The main parameters of the tested rope are shown in Table 1 . A 5 mm diameter resin-coated rope, IWRC6×S(19), and a 10 mm diameter type A (flax core) rope, JIS8×Fi (25), are used. The load W (Fig. 1 ) applied to the ropes is set so that the safety factor to the breaking load became about 16, in accordance with actual usage conditions.
Experiment

Free vibration test
The natural frequencies of the ropes are measured with accelerometers installed on the ropes. The displacement amplitude is measured from images taken with video cameras (30 scenes/second). The damping ratio h is calculated from the following equation.
where m x and n x are the peak values of the rope displacement of m and n times, respectively. Fig. 2(a) , the top of the rope is excited sinusoidally with amplitude 0 u , and the frequency response curve is obtained. The experimental set-up of the actuator system is shown in Fig. 3 . Rotational movement of the actuator is converted into horizontal movement by using a linear guide, and the forced displacement is applied to the top of the rope. The magnification factor is obtained from the output of accelerometers attached to the actuator system and the rope. Table 2 shows the main parameters of the forced vibration test when passing the resonance point during up-and-down movement of the cage. The rope length is changed according to the up-and-down movement of the cage, while the rope is excited to resonate at frequency f 0 at 2/3 of the maximum rope length (L=70 m), where the maximum rope length L max is 105 m and the minimum rope length L min is 20 m, as shown in Fig. 2 
Forced vibration test 2 (
0 ≠ V )
Analysis
Natural frequency and frequency response of elevator rope
The simulation model shown in Fig. 4 was used to analyze the vibration of the elevator rope. The positive z-axis is directed downward from the sheave, and u is the horizontal rope deflection. The differential equation describing the vibration of the elevator rope is as follows, based on the assumption that the rope is a string:
where A ρ is the mass density per unit length, V the cage velocity, ) (z T the rope tension, and C the damping coefficient per unit length.
Numerical analysis is performed by using the following difference equations (4) , (5) , derived from Eq. (2). An example of lattice points is shown in Fig. 5 .
(except for the upper end: element rope length z ∆ is constant) 
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where t ∆ is the time step, z ∆ the element rope length, m the element rope length of the upper end, j i u , the rope displacement, subscripts j i, on u the lattice point in space coordinates and time coordinates, respectively, and g gravitational acceleration.
The natural frequency of the rope is obtained from not only the frequency response derived from experiments, but also from the following equation.
where a is the propagation velocity of the transverse wave ) ( A
, and k the order of the natural frequency.
Response of rope which resonates while the elevator is moving
Numerical analysis of the vibration of a rope, which resonates while the elevator is moving, is performed by using Eqs. (3) and (4). It is confirmed that the calculated results from the finite difference analyses are in fairly good agreement with those of the exact solution (4) , (5) , in the case where the rope tension and the moving velocity are constant.
Here, the numerical analysis is performed to verify the agreement with the experimental results, under the conditions described in Section 2.3. The moving velocity is assumed to be constant, though the moving velocity is not actually constant at regions where the speed is increasing/decreasing. Figure 6 shows the relation between the rope length and the natural frequency, obtained in the free vibration test and the forced vibration test under the condition of constant rope length. The approximate natural frequencies obtained by using Eq. (5) are also shown. This figure shows that the measured natural frequencies are in fairly good agreement with the approximate results, which were obtained by using the mean rope tension. Moreover, they agreed well with the calculated results of the finite difference method, shown next. 
Results and discussion
Natural frequency
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Frequency response
Frequency response characteristics, obtained in the forced vibration test under the condition of constant rope length, are shown in Figs. 7 and 8 . The amplification factor analyzed by using the measured damping factor is also shown. Roughly speaking, the calculated results of the finite difference analysis are in fairly good agreement with the experimental results. The amplification factor N in the low frequency area converges to 0.5 instead of 1.0, because only the top of the rope is excited. Figure 9 shows the time history of the rope acceleration and deflection in the free vibration test, where the rope is released after giving an initial displacement. This figure shows that the damping ratio of acceleration is larger than that of deflection. Because the initial mode shape in the free vibration test is triangular wave-like, an accurate damping 
Damping ratio and damping coefficient
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Vol. 3, No. 3, 2009 ratio is difficult to obtain from the time history of acceleration. However, the estimated damping ratio may be larger than the actual value, because the damping ratio is very small and it is difficult to obtain the peak value. Therefore, in this study, the damping ratio is calculated by using Eq. (1), based on the displacement obtained from the images taken by the video cameras.
The relation between the rope length and the damping ratio obtained from Eq. (1) based on the result of the free vibration test is shown in Fig. 10(a) , and the relation between the rope length and the damping coefficient is shown in Fig. 10(b) . The damping coefficient C is expressed by the following equation, using the damping ratio h . The damping coefficient depends on the mass density per unit length, the tension, and the length of the rope.
When the stress in the rope is small, the damping ratio becomes large (10) , (11) . This test was carried out on the condition that the safety factor was about 16, considering that the tension of the main rope is largest and the damping ratio is smallest. This figure shows that the damping ratio of the main rope is about 0.002 (mean value at L=50m), though there are slight differences in the results. 
Rope deflection while the elevator is ascending and descending
The maximum displacement of the rope under excitation was measured when passing the resonance point while the elevator was moving, and it was compared with the calculated results of the finite difference method. The time history of the rope deflection is shown in Fig. 11 , and the effect of velocity ratio
on the maximum rope deflection is shown in Fig. 12 . The rope displacement was measured from the images taken by the two video cameras installed at positions 30 m and 40 m from the top. Moreover, numerical analyses of the finite difference method were also performed to obtain the maximum displacement at the 30 m and 40 m positions. A damping ratio of 0.002 was used in the numerical analysis. The calculated results for ropes with d = 5 mm and d = 10 mm are the same when regarded as dimensionless.
The maximum displacement is produced when passing the resonant position (z = 35 m) under the condition V=0 (2) , (5) . The maximum rope displacement at z = 30 m is greater than that at z = 40 m when shortening the rope, and the maximum rope displacement at z = 40 m is greater than that at z = 30 m when elongating the rope. The experimental results and the calculated results are in qualitative agreement. Moreover, the experimental results quantitatively agree with the calculated results, and the validity of this finite difference method is also confirmed. As a result, the validity of this finite difference method is confirmed not only theoretically (4) , (5) but also experimentally.
Conclusions
In this paper, a free vibration test where the rope was released after an initial displacement and an excitation test under the condition of constant/changing rope length were performed using a full-size elevator rope. Finite difference analyses of the rope vibration were also performed by considering the time-varying length of the rope. The following results were obtained: (1) The natural frequency of the rope obtained from the experiments shows good agreement with that obtained by the approximate equation using the mean rope tension and with that obtained by the finite difference method. (2) The damping ratio and damping coefficient of the ropes with diameters of 5 mm and 10 mm were measured in consideration of the actual usage conditions of the main rope. The dependence of the damping coefficient on the mass density and rope length is presented. (3) The maximum rope deflection when passing the resonance point while the elevator was running was measured in the excitation test, and it was compared with the calculated results of the finite difference analyses. The validity of the finite difference method is fairly well confirmed by the experiment. That is, it is confirmed that the present theory can be applied to elevator ropes without any modification.
